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Distinct molecules are segregated into somatoden-
dritic and axonal compartments of polarized
neurons, but mechanisms underlying the develop-
ment and maintenance of such segregation remain
largely unclear. In cultured hippocampal neurons,
we observed an ankyrin G- and F-actin-dependent
structure that emerged in the cytoplasm of the
axon initial segment (AIS) within 2 days after axon/
dendrite differentiation, imposing a selective filter
for diffusion of macromolecules and transport of
vesicular carriers into the axon. Axonal entry was
allowed for KIF5-driven carriers of synaptic vesicle
protein VAMP2, but not for KIF17-driven carriers of
dendrite-targeting NMDA receptor subunit NR2B.
Comparisons of transport rates between chimeric
forms of KIF17 and KIF5B, with the motor and
cargo-binding domains switched, and between
KIF5 loaded with VAMP2 versus GluR2 suggest that
axonal entry of vesicular carriers depends on the
transport efficacy of KIF-cargo complexes. This
selective AIS filtering may contribute to preferential
trafficking and segregation of cellular components
in polarized neurons.
INTRODUCTION
Thesomatodendriticandaxonalcompartmentsofadifferentiated
neuron contain distinct membrane and cytoplasmic components
that serve the input and output functions of the neuron, respec-
tively. Such molecular segregation can be achieved by a variety
of mechanisms, including selective trafficking and membrane
insertion of newly synthesizedmembrane components, selective
retention of the components after initial nonselective transport,
and dendrite-to-axon transcytosis of axon-targeting proteins.
For example, GFP-tagged transferrin receptors are selectively
transported to the dendrite (Burack et al., 2000), and the sorting
signal in the metabotropic glutamate receptors (mGluRs) is
responsible for the selectiveexclusionofmGluR1but notmGluR71148 Cell 136, 1148–1160, March 20, 2009 ª2009 Elsevier Inc.from the axon (Stowell and Craig, 1999). The selective retention
mechanism is exemplified by the synaptic vesicle protein
VAMP2, which is first delivered to both axon and dendrite
membranes and later selectively endocytosed from the dendritic
membrane (Sampo et al., 2003). In contrast, the GFP-tagged
axonal membrane protein NgCAM is first inserted into somato-
dendritic membrane, and a dendrite-to-axon transcytosis of
somatodendritic endosomes emerges later to achieve the axonal
accumulation of NgCAM (Wisco et al., 2003; Yap et al., 2008).
Selective cytoplasmic transport of vesicular carriers of
membrane proteins is generally thought to be driven by selective
motor proteins. Post-Golgi vesicles containing membrane
proteins may bind to ‘‘smart’’ motor proteins, which can distin-
guish different microtubules that lead to axonal and somatoden-
dritic compartments (Burack et al., 2000; Setou et al., 2000; Hir-
okawa and Takemura, 2005). In neurons, different motor proteins
of the kinesin superfamily (KIFs) are responsible for selective
transport of synaptic vesicle components to the axon and of
transmitter receptors to the dendrite. For example, the cargo-
free motor domain of KIF5 is preferentially transported to the
axon and accumulated at the axonal tip (Nakata and Hirokawa,
2003), and thus may be used for transporting axon-targeting
proteins, such as VAMP2, GAP43, apolipoprotein E receptor 2,
and amyloid precursor protein (Kamal et al., 2000; Nakata and
Hirokawa, 2003). On the other hand, KIF5 cargos also include
the dendritic-targeting protein glutamate receptor subunit 2
(GluR2), whose carrier vesicles bind to the C-terminal tail of
KIF5 through the scaffolding protein glutamate receptor-inter-
acting protein 1 (GRIP1) (Setou et al., 2002). This bidirectional
transport driven by KIF5 suggests that the transport specificity
of KIF5 may depend on the protein cargos it carries. There is
also evidence that KIF17 is responsible for transporting
dendrite-targeting NR2B (Setou et al., 2000; Guillaud et al.,
2003), although KIF17 that lacks a cargo-binding domain could
travel to distal regions of both the axon and dendrites (Nakata
and Hirokawa, 2003). In the present study, we have addressed
the mechanisms underlying the polarized transport of axon-
and dendrite-targeting cargos mediated by KIF5B and KIF17,
with a focus on themotor efficacy of these proteins and the effect
of specific cargos in the axonal entry of motor-cargo complexes.
Whereas polarized distribution of membrane proteins in the
axonal versus somatodendritic compartments can be achieved
by themanymechanisms described above, maintenance of their
segregation may be facilitated by mechanisms that prevent mix-
ing of axonal and somatodendritic components. Indeed, a phys-
ical barrier for lateral diffusion of membrane proteins and lipids
was found in the plasma membrane of the axon initial segment
(AIS) (Winckler et al., 1999; Nakada et al., 2003). The reduction
in lipid mobility at the AIS correlated with the expression of
ankyrin G—an adaptor protein that links membrane proteins
with the spectrin-actin cytoskeleton (Nakada et al., 2003). This
is consistent with the finding that F-actin (Winckler et al., 1999)
and bIV spectrin (Nishimura et al., 2007) are required for the
integrity of the membrane diffusion barrier.
In the present study, we first inquired whether a physical
barrier also exists in the cytoplasm of the AIS. Using the model
systemof cultured hippocampal neurons (Dotti et al., 1988; Craig
and Banker, 1994), we found that large (70 kD) dextrans readily
diffused into the axon after somatic loading in neurons cultured
for 3 days in vitro (DIV), but axon entry of these 70 kD dextrans
was prevented in 5 DIV neurons. In contrast, we observed axonal
entry of smaller (10 kD) dextrans and green fluorescent protein
(GFP) in both 3 and 5 DIV neurons. This cytoplasmic ‘‘filter’’ at
the AIS for dextran molecules was abolished by disrupting
F-actin and by downregulation or functional inhibition of ankyrin
G (AnkG). Furthermore, microtubule-based active transport of
vesicular carriers of membrane proteins was also selectively
affected at the AIS on 5 DIV. Axonal entry was prevented for
NR2B, but not for VAMP2. Further analysis showed that selective
axonal entry of KIF-driven vesicular carriers depends on both the
efficacy of the motor and the specific cargos it carries. The cyto-
plasmic filter at the AIS may thus act together with the plasma
membrane diffusion barrier to facilitate selective trafficking and
segregation of axonal and somatodendritic components in the
polarized neuron.
RESULTS
Cytoplasmic Filter for Soluble Macromolecules
at the AIS
To examine the existence of cytoplasmic mechanisms at the AIS
that may contribute to selective trafficking and segregation of
cytoplasmic components, we loaded fluorescently labeled
dextrans of different sizes into the soma of 7 DIV neurons
through a whole-cell recording pipette (see Experimental Proce-
dures). Having a wide range of molecular weights and inert prop-
erties, dextrans have been used for studying macromolecular
diffusion in fibroblasts (Luby-Phelps et al., 1986) and neurons
(Popov and Poo, 1992). Transfection of cultured hippocampal
neurons with either GFP (27 kD) or red fluorescent protein
(RFP) (DsRed, 26.8 kD) on 6 DIV showed that these two proteins
can fill the entire axon when examined on 7 DIV. However, at
30 min after loading of the fluorescent dextrans or bovine serum
albumin (BSA) into 7 DIV DsRed-expressing neurons, we found
that the small (10 kD) dextran had diffused into both the axon
and dendrites, whereas the large (70 kD) dextran and BSA
were mostly excluded from the axon (see Figure S1A available
online). Quantitative measurements of DsRed fluorescence
intensity revealed a reduced axon volume at the AIS (0–60 mmfrom the soma), across which the diffusional spread of the
70 kD dextran was largely prevented (Figure S1B).
The developmental appearance of the hindrance for dextran
diffusion across the AIS was further examined by coloading of
10 kD fluorescein (F)-labeled dextran and 70 kD tetramethyl-
rhodamine (TMR)-labeled dextran into the soma at different
days after neuronal polarization. We found that both 10 kD and
70 kD dextrans readily diffused into the axon of newly polarized
cells on 3 DIV, but axonal entry of the 70 kD (but not 10 kD)
dextran was prevented in 5 DIV neurons (Figure 1A). When
measured at 30 min after somatic loading, the fluorescence
intensity ratio TMR/F showed that the 70 kD dextran failed to
spread beyond 60 mm from the soma (Figure 1C). Thus, axon
maturation during 3 to 5 DIV was accompanied by the emer-
gence of a cytoplasmic filter at the AIS.
Using themethod of fluorescence recovery after photobleach-
ing (FRAP), we further examined the rate of diffusion of GFP,
which was transfected into these neurons 1 day before the
experiment. We photobleached (within 10 s) the GFP fluores-
cence over a 100 mm axon segment, beginning at the AIS
(20–40 mm from the soma) and ending at the axon shaft, and
measured the rate of fluorescence recovery at themost proximal
and distal 10 mm of the bleached segment (Figure 1D). The
recovery rate was obtained by fitting the data of fluorescence
recovery over the first 80 s after photobleaching with the first-
order exponential function (Figure 1E; see Experimental Proce-
dures). We found that the recovery rate at the AIS in 5 DIV
neurons was much lower than that in 3 DIV neurons, and it was
also lower than that at the axon shaft of the same 5 DIV neuron
(Figures 1E–1G). Furthermore, the recovery rate at the dendrite
IS of 5 DIV neurons was similar to that at the axon shaft but
much higher than that at the AIS (Figure 1G). Thus, a cytoplasmic
structure that impedes GFP diffusion appeared at the AIS during
3–5 DIV, consistent with the observations on the diffusion of
dextrans.
AIS Filtering of Dextrans Depends on F-Actin
and Ankyrin G
The AIS plasma membrane barrier that prevents lateral mixing of
axonal and somatodendritic membrane components was largely
abolished by disrupting the actin cytoskeleton (Winckler et al.,
1999; Nakada et al., 2003). We found that 2 hr preincubation of
5 DIV neurons with the F-actin-disrupting agent latrunculin A
(LatA; 2.5 mM) or cytochalasin D (CytoD; 2 mg/ml) led to the elim-
ination of the AIS diffusion barrier: substantial axonal entry of the
70 kD dextran was observed within minutes following somatic
loading (Figures 1B and 1C), and the GFP diffusion rate at the
AIS of 5 DIV neuronswas increased to a level similar to that found
in 3 DIV neurons (Figure 1G). In contrast, 2 hr treatment with the
microtubule-disrupting drug nocodazole (10 mg/ml) or the micro-
tubule-stabilizing drug paclitaxel (taxol; 20 mM) had no effect on
either the axonal exclusion of the 70 kD dextran (data not shown)
or the GFP diffusion rate at the AIS (Figure 1G). Staining of
F-actin with rhodamine-labeled phalloidin showed that a high
density of F-actin emerged at the AIS during 3–5 DIV (Figures
2Aa, 2Ab, and 2Da), and the phalloidin staining at the AIS was
reduced after LatA treatment (Figures 2Ac and 2Da). Thus,Cell 136, 1148–1160, March 20, 2009 ª2009 Elsevier Inc. 1149
Figure 1. A Filter for Cytoplasmic Diffusion in the Axon Initial Segment
(A) Fluorescence images of hippocampal neurons on 3 and 5 DIV, coloaded with 10 kD F-dextran and 70 kD TMR-dextran at the soma 30 min before the images
were taken. Boxed regions (axons) are shown on the right for different times (in min) after the onset of dextran loading. Dashed line, AIS (first 60 mm of the axon).
The scale bar represents 20 mm.
(B) Images of a 5 DIV neuron pretreated with latrunculin A (LatA), 30 min after soma coloading of 10 kD F-dextran and 70 kD TMR-dextran. The scale bar repre-
sents 20 mm.
(C) The fluorescence intensity ratio of TMR to F along the axon of 3 and 5 DIV neurons, with or without LatA pretreatment, 30 min after coloading of 10 and 70 kD
dextrans. Error bars, SEM (n = 5–8 cells each).
(D) Examples of FRAP experiments onGFP-transfected 3 and 5DIV neurons. Below: changes in GFP fluorescence at the boxed region at different times (in s) after
photobleaching. Dashed line, AIS. The scale bar represents 20 mm.
(E) Recovery of GFP fluorescence (for the cells in [D]) at a 10 mm spot (circle) on the proximal (AIS) and distal (shaft) end of the bleached segment (dashed lines).
Solid lines, best exponential fit.1150 Cell 136, 1148–1160, March 20, 2009 ª2009 Elsevier Inc.
impediment of macromolecular diffusion at the AIS depends on
the integrity of the actin cytoskeleton.
A high density of ankyrin G (AnkG), which is known to link
membrane proteins to the cytoskeleton and contribute to the
stabilization of membrane domains, colocalizes with the sodium
channel Nav1.6 at the AIS of cultured hippocampal neurons
(Bennett and Chen, 2001; Pan et al., 2006). Immunostaining
showed that clustering of AnkG appeared on 5 DIV but not on
3 DIV, with the peak intensity of AnkG located at 20–30 mm
from the soma and the intensity falling to a very low level beyond
60 mm (Figures 2Ba, 2Bb, and 2Db). This profile is largely fixed
(F) GFP recovery rates at the AIS versus the axon shaft of the same 5 DIV neurons (n = 9). Lines connect data from the same cell. Filled circles, mean ± SEM (p <
0.01, paired t test).
(G) Average recovery rate at the AIS, axon shaft, and dendrite IS of 3 and 5 DIV neurons, with or without pretreatment with LatA, cytochalasin D (CytoD), noco-
dazole (Noc), and paclitaxel (Pac) (n = 10–20 each; *p < 0.05, t test).
Figure 2. Clustering of F-Actin and AnkG
at the AIS and Effects of Perturbing AnkG
(A) Distribution of F-actin revealed by phalloidin
staining in 3 and 5 DIV neurons. LatA, with LatA
pretreatment. Arrowheads, axon; dashed lines,
AIS. The scale bar represents 20 mm.
(B) GFP-expressing neurons coimmunostained for
ankyrin G (AnkG) and somatodendritic marker
MAP2. There is no AnkG clustering at the AIS on
3 DIV and after LatA pretreatment on 5 DIV. The
scale bar represents 20 mm.
(C) Immunostaining of AnkG in 5 DIV neurons
transfected with a construct coding for scrambled
AnkG siRNA, AnkG-siRNA, AnkG-GFP, or
A1024P-AnkG-GFP. Arrows, AIS of the untrans-
fected neuron. The scale bar represents 20 mm.
(D) Distribution of phalloidin staining (a) and AnkG
immunostaining (b) along the axon, with or without
pretreatment with LatA. Error bars, SEM (n = 12–
20 each).
(E) Distribution of 70 kD TMR-dextran along the
axon in 5 DIV neurons which were transfected
with GFP, A1024P-AnkG-GFP, or AnkG-siRNA.
Error bars, SEM (n = 9–11 each).
during 5–7 DIV (Figure S2A). In compar-
ison, the somatodendritic marker MAP2
showed preferential somatodendritic
localization on 3 DIV, before AnkG locali-
zation at the AIS (Figure 2Ba), consistent
with the emergence of the AIS filter after
the establishment of axon/dendrite iden-
tity. The membrane-binding domain of
AnkG binds to various membrane
proteins, and its spectrin-binding domain
provides a link to the actin cytoskeleton
(Jenkins and Bennett, 2001). We found
that overexpression of a mutated form
of AnkG that lacks the spectrin-binding
domain (A1024P-AnkG-GFP) (Kizhatil
et al., 2007) in 5 DIV neurons resulted in
the disappearance of AnkG clusters and
F-actin accumulation at the AIS (Figures
2Cd, S2B, and S2C). It is known that downregulating AnkG by
RNA interference can enhance the level of Kv3.1a channels in
the axon (Xu et al., 2007). We thus constructed several AnkG-
specific siRNAs and confirmed their effectiveness in downregu-
lating AnkG expression in cultured HEK293 cells (Figure S2E).
We found that the AnkG cluster at the AIS was absent in 7 DIV
neurons that were transfected on 5 DIV with the effective siRNA
against AnkG expression, but was present in control untrans-
fected neurons in the same culture (Figure 2Cb). In contrast,
transfection with the control (scrambled) siRNA that did not
downregulate AnkG in HEK293 cells or with AnkG-GFP aloneCell 136, 1148–1160, March 20, 2009 ª2009 Elsevier Inc. 1151
had no effect on AnkG clustering at the AIS (Figures 2Ca and
2Cc). Further experiments using somatic loading of the 70 kD
TMR-dextran in 7 DIV neurons showed that the AIS filter was dis-
rupted in neurons expressing AnkG-siRNA or A1024P-AnkG,
with substantial axonal entry of the 70 kD dextran at 30 min after
somatic loading (Figures 2E and S2D). Taken together, these
results indicate that both AnkG and F-actin contribute directly
to the integrity of the AIS filter.
Trafficking and Somatodendritic Segregation of NR2B
To examine whether the AIS filter for passive macromolecular
diffusion also affects active transport of vesicular carriers for
membrane proteins, we focused on the dendrite-targeting
protein NR2B (Guillaud et al., 2003; Nakata and Hirokawa,
2003). Similar to that reported for other dendrite-targeting
proteins (Killisch et al., 1991; Craig et al., 1993; Brown et al.,
1997), immunostaining showed that endogenous NR2B was
uniformly distributed throughout the entire polarized neuron on
3 DIV (Figures 3Aa and 3Ca), but became restricted to the soma-
todendritic domain by 5 DIV (Figures 3Ab and 3Ca), and
exhibited clustering at postsynaptic dendrites of mature neurons
on 10 DIV (Figure S3A). In contrast, VAMP2 was found
throughout the entire neuron on both 3 and 5 DIV (Figures S3C
and S3D) and clustered distribution of VAMP2 appeared during
6–9 DIV, consistent with presynaptic localization of VAMP2 after
synaptogenesis (Figure S3B).
To distinguish the cytoplasmic versus surface pool of NR2B,
we transfected hippocampal neurons with a construct express-
ing NR2B that has GFP fused at the extracellular N terminus,
together with a construct expressing DsRed. The transfected
GFP-NR2B exhibited normal trafficking and postsynaptic clus-
tering in 10 DIV neurons, similar to that found for endogenous
NR2B (Figure S3A). The cytoplasmic pool of GFP-NR2B was
revealed by incubating the neuron in a medium containing
bromophenol blue (BPB) (Harata et al., 2006), a membrane-
impermeable reagent that quenches the fluorescence of extra-
cellularly exposed GFP on the surface (Figure S4). Quantitative
measurements of GFP-NR2B fluorescence in the presence of
BPB, normalized by that of DsRed, showed that cytoplasmic
GFP-NR2B was uniformly distributed in the entire neuron on
3 DIV, but absent in the axon beyond 60 mm from the soma
in 5 DIV neurons (Figures 3B and 3Cb). In addition, the distribu-
tion of the cell-surface GFP-NR2B, as shown by immunostaining
nonpermeabilized cells with rhodamine-conjugated antibodies
against GFP (Figures 3Cc and S5A), exhibited the same time
course of polarization as the cytoplasmic pool of GFP-NR2B:
uniform distribution on 3 DIV, reduced axon distribution on
4 DIV, and complete exclusion from the axon beyond the AIS
by 5 DIV (Figures S5B and S5C). Furthermore, 2 hr preincubation
of 5 DIV neurons with LatA resulted in the appearance of endog-
enous NR2B (Figures 3Ac and 3Ca) and the cytoplasmic (Figures
3Bc and 3Cb) and surface (Figures S5Ac and 3Cc) pools of GFP-
NR2B in the axon. These results support the role of the cyto-
plasmic AIS barrier in the axonal exclusion of NR2B. The
absence of NR2B on the axonal surface of 5 DIV neurons could
thus be attributed to the absence of the cytoplasmic pool of
NR2B in the axon, rather than the selective retention of NR2B
in the somatodendritic plasma membrane.1152 Cell 136, 1148–1160, March 20, 2009 ª2009 Elsevier Inc.Transport Rates of NR2B and VAMP2 at the AIS
The effect of the cytoplasmic AIS filter on the transport of
membrane proteins was further examined by comparing the
transport rate of GFP-NR2B at the AIS and dendritic initial
segment (DIS) in 5 DIV neurons, which were cotransfected with
DsRed. We photobleached the GFP fluorescence over a
100 mm segment of the axon, in the presence of BPB, beginning
at 20 mm from the soma and ending distally outside the AIS, and
measured the rate of fluorescence recovery at themost proximal
10 mm spot of the bleached segment (Figure 3D). The recovery
rate for GFP-NR2B at the AIS was much lower than that at the
DIS, and pretreatment with LatA (for 2 hr) greatly increased the
recovery rate at the AIS (Figures 3E and 3F). Pretreatment with
nocodazole (for 2 hr) completely abolished the recovery after
photobleaching at both the axon and dendrites, consistent
with the active transport of GFP-NR2B carriers being microtu-
bule based. Thus, an F-actin-dependent AIS barrier had pre-
vented the transport of GFP-NR2B into the axon.
Similar FRAP experiments were carried out to examine the
transport of VAMP2-GFP (Figure 4A). We found substantial
fluorescence recovery at the AIS of 5 DIV neurons, although
the recovery rate was significantly lower than that found at the
axon shaft end of the bleached segment or at the DIS of the
same neuron (Figure 4B). Furthermore, these differences in
recovery rates were greatly reduced in neurons pretreated with
LatA (Figures 4A–4C) or CytoD (data not shown), and the
recovery was completely absent in all cells pretreated with noco-
dazole (Figure 4A) and paclitaxel (data not shown). Thus, a trans-
port hindrance appeared at the AIS (but not at DIS) during 3 to
5 DIV and had impeded but did not prevent the axonal entry of
carrier vesicles for VAMP2.
Mobility of Transport Packets for VAMP2 and
Transferrin
It is known that VAMP2 is first nonselectively transported via
vesicular carriers to both the axon and dendrites, and then
retained only in the axonal membrane (Ahmari et al., 2000;
Sampo et al., 2003). We found that VAMP2-GFP was uniformly
distributed throughout the cytoplasm in 3 to 5 DIV neurons,
and clusters (packets) became visible in 7 DIV neurons. Time-
lapse imaging showed that these VAMP2-GFP packets exhibited
significantly lower mobility at the AIS than at the axon shaft or
dendrite (Figure 4D), as indicated by the percentage of puncta
exhibitingdifferent run lengths, themeanvelocityof punctamove-
ment, and the fraction of time during which the puncta remained
mobile (duty ratio) (Figure 4E). Furthermore, LatA pretreatment
significantly elevated the puncta mobility in the AIS, whereas no-
codazole or paclitaxel pretreatment completely abolished the
mobility (Figure 4D). Thus, although the AIS filter allows the
passage of VAMP2-GFP carriers in these 7 DIV neurons, it also
reduces their transport rate, in agreement with the FRAP results.
Furthermore, we found that packets of transferrin-containing
endocytic vesicles, which are known to be restricted to soma-
todendritic cytoplasm (He´mar et al., 1997), also entered the
axon after LatA treatment (Figure S6), consistent with an AIS
filter that allows axonal entry of some carrier vesicles but not
others.
Figure 3. Effects of Disrupting F-Actin on NR2B Distribution and Transport
(A) Images of 3 and 5 DIV neurons transfected with GFP 1 day before immunostaining for endogenous NR2B. LatA, 2 hr LatA pretreatment; arrowheads, axon;
dashed lines, AIS. The scale bar represents 20 mm.
(B) Images of 3 and 5DIV neurons transfected with GFP-NR2B together with DsRed, in the presence of external quencher BPB. Note the absence of GFP-NR2B in
the axon of 5 DIV neurons and its appearance in LatA-pretreated 5 DIV neurons. The scale bar represents 20 mm.
(C) Distribution of endogenous NR2B immunofluorescence (a), as well as surface (b) and cytoplasmic (c) GFP-NR2B (normalized byDsRed or GFP) along the axon
in 3 and 5 DIV neurons, with or without pretreatment with LatA. Error bars, SEM (n = 10–27 cells each).
(D and E) Example FRAP experiments on GFP-NR2B transport at the AIS and dendrite IS (DIS) in the boxed region shown in (B). Images showing cytoplasmic
GFP-NR2B fluorescence (in the presence of BPB) at the AIS and dendrite of 5 DIV neurons before and after photobleaching at different times (in s), with or without
pretreatment with LatA or nocodazole (Noc). The scale bar represents 20 mm. Shown in (E) are recovery data at a 10 mm spot (circle) at the AIS and DIS.
(F) Summary of recovery rates at the AIS and DIS of control (n = 14) and LatA-pretreated (n = 8) 5 DIV neurons (*p < 0.05, t test).Cell 136, 1148–1160, March 20, 2009 ª2009 Elsevier Inc. 1153
Figure 4. Effects of Disrupting F-Actin on VAMP2 Transport
(A and B) Example FRAP experiments on VAMP2-GFP transport at the AIS and DIS. Images showing cytoplasmic VAMP2-NR2B fluorescence (in the presence of
BPB) at the AIS and DIS of 5 DIV neurons before and after photobleaching at different times (at t = 0 s), with or without pretreatment with LatA or nocodazole (Noc).
Shown in (B) are recovery data at a 10 mm spot (circle) at the AIS and DIS. The scale bar represents 10 mm.
(C) Left: comparison between recovery rates at the AIS and axon shaft. Data from the same cell are connected by the line. Filled circles, mean ± SEM (**p < 0.01,
paired t test). Right: summary of recovery rates at the AIS, axon shaft, and DIS of control (n = 11) and LatA-pretreated (n = 9) 5 DIV neurons. Error bars,
SEM (*p < 0.05, t test).
(D)Mobility of VAMP2-GFP transport packets in 7DIV neurons. Time-lapsed images of the boxed region is shownon the immediate right: arrowhead, slow-moving
packets; arrow, fast-moving packets. AIS (LatA), pretreated with LatA. AIS (Noc/Pac), pretreated with nocodazole or paclitaxel. The scale bar represents 10 mm.1154 Cell 136, 1148–1160, March 20, 2009 ª2009 Elsevier Inc.
Transport Efficacy of KIF Motors and KIF-Cargo
Complexes
To assess the contribution of kinesin motors to the selective
transport of NR2B and VAMP2, we examined the function of
KIF17 and KIF5B, which are known to transport NR2B and
VAMP2, respectively (Setou et al., 2000; Guillaud et al., 2003;
Nakata and Hirokawa, 2003). The specificity of these two KIFs
for transporting NR2B and VAMP2 was confirmed by the effect
of overexpressing GFP-tagged dominant-negative forms of
these motor proteins (GFP-DNKIF17 and GFP-DNKIF5B) (Chu
et al., 2006) (see Figure S7). To test the possibility that the motor
domain of either KIF5B or KIF17 possesses axon/dendrite selec-
tivity, we transfected hippocampal neurons with constructs ex-
pressing GFP-tagged tailless KIF5B or KIF17 (TL-KIF5B or TL-
KIF17), which could not carry any cargo. Both TL-KIF5B-GFP
and TL-KIF17-GFPwere found to distribute throughout the entire
5 DIV neuron (Figure 5A), suggesting no axon/dendrite selectivity
in the motor domain of either KIF5B or KIF17. In addition, FRAP
measurements showed that the transport rate for TL-KIF5B-GFP
was higher than that of TL-KIF17-GFP at the AIS (Figures 5B–
5D). FRAP measurements on full-length GFP-KIFs at the
dendrite further showed that the transport rate of KIF17-GFP
was much lower than that of KIF5B-GFP, consistent with the
results on tailless KIFs, both suggesting a higher motor efficacy
of KIF5B. Furthermore, intensity measurements in the axon
showed that the axonal entry of KIF17-GFP is much lower than
that of KIF5B-GFP, presumably due to the low transport rate of
KIF17 together with its specific cargos, including NR2B and
other membrane proteins (Figure S8).
To further test the notion that transport efficacy rather than
specific recognition of the cargo by the AIS filter is responsible
for the failure of axonal entry of KIF17-NR2B, we overexpressed
the chimeric forms of KIFs, with the motor and tail domains
switched between KIF5B and KIF17. In neurons coexpressing
GFP-NR2B and RFP-tagged KIF(5B-17) (with the KIF5B head
and KIF17 tail; see Experimental Procedures), the transport
rate for GFP-NR2B at the dendrite was increased. On the other
hand, in neurons coexpressing VAMP2-GFP and RFP-tagged
KIF(17-5B), the transport rate at the dendrite for VAMP2-GFP
was markedly reduced (Figures 6A–6C). These results are
consistent with a higher motor efficacy of the KIF5B motor
than the KIF17 motor. Importantly, significant axonal entry of
NR2B was found in KIF(5B-17)-expressing neurons, as shown
by the intensity profile of GFP-NR2B along the axon, in compar-
ison with that in neurons cotransfected only with DsRed (Figures
6D and 6F). Conversely, VAMP2-GFP was largely absent from
the axon in neurons expressing KIF(17-5B) (Figures 6E and
6G). Thus, the higher transport efficacy of the KIF5B-cargo
complex, rather than the specific cargo, determines the axonal
entry of the complex. Although cargo-free tailless KIF17 motor
by itself was capable of entering the axon (Figure 5A), its motor
efficacy is apparently insufficient to overcome the AIS filter
when it is loaded with the cargo, regardless of whether the cargo
contains NR2B or VAMP2.The axonal entry cannot simply be attributed to the higher
motor efficacy of KIF5, because the transport of both VAMP2-
GFP and dendrite-targeting GFP-GluR2 are known to be driven
by KIF5 (Setou et al., 2002; Nakata and Hirokawa, 2003). It is
more likely that the axonal entry depends on the transport effi-
cacy of motor-cargo complexes than on the efficacy of the KIF
motor itself. We thus compared the rate of transport of
VAMP2-GFP and GFP-GluR2 in the dendrite of 5 DIV neurons,
using the FRAP method. As shown in Figures 5E–5H, the trans-
port rate of GFP-GluR2 was indeed much lower than that of
VAMP2-GFP and was similar to that of GFP-NR2B, supporting
the idea that the failure of axonal entry of GFP-GluR2 is due to
the low transport efficacy of motor-cargo complexes.
Emergence and Stability of the Membrane Diffusion
Barrier
To understand the relationship between the cytoplasmic filter
and the membrane diffusion barrier at the AIS, we further exam-
ined the Brownian motion of surface VAMP2 in 3, 4, and 5 DIV
neurons with antibody-coated quantum dots (QDs) (Bats et al.,
2007; Triller and Choquet, 2008). Time-lapsed imaging (500
frames, 10 Hz) of the QD movement was used to determine the
lateral diffusion coefficient (D) of VAMP2-GFP (or VAMP2-myc)
in the plasma membrane (see Experimental Procedures;
Figure 7A). As shown by the trajectories of QDs on the axon
surface (Figure 7B), we found that the D values were close to
those found for free lateral diffusion of membrane proteins
(0.4 mm2/s) (Poo and Cone, 1974; Poo, 1982) on the axon
surface of 3 DIV neurons. However, the D values were markedly
reduced at the AIS of 5 DIV neurons (Figures 7C and 7D). Further-
more, 2 hr pretreatment of the neurons with LatA or transfection
of the neurons on 4 DIV with AnkG-specific siRNA greatly
increased the D values of QDs at the AIS of 5 DIV neurons
(Figures 7C and 7D). This appearance of diffusional hindrance
at the AIS of 5 DIV neurons also agrees with the finding of Boiko
et al. (2007) on the diffusion of neurofescin. Thus, the appear-
ance of the plasma membrane diffusion barrier correlates both
in space and time with that of the cytoplasmic filter.
DISCUSSION
Thedevelopment andmaintenanceof the polarizeddistribution of
cellular components in differentiated neurons involve a variety of
cellular mechanisms (Horton and Ehlers, 2003; Hirokawa and
Takemura, 2005). In the present study, we have identified an
AnkG- and F-actin-dependent cytoplasmic filter at the AIS that
emergeswithin2daysafter axon/dendritedifferentiation, allowing
axonal entry of a small dextran (10 kD), GFP, and DsRed, but not
a largedextran (70kD)andBSA.ThisAISfilter also imposesselec-
tive impediment of microtubule-based active transport of vesic-
ular carriers of membrane proteins, allowing axonal entry of
VAMP2 but not NR2B or GluR2. Further studies showed that the
transport efficacy of the KIF-cargo complexes represents an
important factor indetermining theaxonal entryof carrier vesicles.(E) Mobility of VAMP2-GFP packets at the AIS and axon shaft in control and LatA-pretreated neurons. Speed, average speed of packet movement. Run length,
percentage of packets exhibiting different run lengths in 500 s.Duty ratio, fraction of time spent by packets in themobile phase. Error bars, SEM (n= 58–78, control;
n = 38–51, LatA-treated; *p < 0.05, t test).Cell 136, 1148–1160, March 20, 2009 ª2009 Elsevier Inc. 1155
Figure 5. Distribution and Transport of Tailless KIF5B and KIF17 and Their Specific Cargos
(A)Ubiquitousdistributionof taillessTL-KIF5B-GFPandTL-KIF17-GFP in5DIVneurons.Arrows, axon terminals; dashed lines,AIS. The scalebar represents 20mm.
(B and C) Example of FRAP experiments on TL-KIF5B-GFP and TL-KIF17-GFP transport at the AIS of 5 DIV neurons, showing fluorescence recovery at different
times (in s) afterphotobleachingat t =0 s. Thescalebar represents10mm.Summary in (C) showsdataof fluorescence recoveryat theproximal 10mmspot (circles) of
the bleached segment at the AIS.
(D) Summary of recovery rates for TL-KIF5B-GFP (n = 8) and TL-KIF17-GFP (n = 10). Error bars, SEM (**p < 0.01, t test).
(E) VAMP2-GFP was found to distribute throughout the neuron, whereas GFP-GluR2 or GFP-NR2B only distributed in the somatodendritic region. Arrowheads,
axons. The scale bar represents 20 mm.
(F andG) Examples of FRAPexperiments on VAMP2-GFP,GFP-GluR2, andGFP-NR2B transport in the boxed region of the dendrite, with fluorescence recovery at
different times (in s) after photobleaching (at t = 0 s). The scale bar represents 10 mm. Data of recovery at the proximal 10 mmspot (circles) of the bleached segment
are shown in (G).
(H) Summary of recovery rates for VAMP2-GFP, GFP-GluR2, and GFP-NR2B (n = 12–14 each). Error bars, SEM (**p < 0.01, t test).Structural Basis of the Cytoplasmic Filter at the AIS
Using fluorescent dextrans to probe the structure of cyto-
plasm in cultured Swiss 3T3 cells, Luby-Phelps et al. (1986)
found that dextrans having hydrodynamic radii larger than1156 Cell 136, 1148–1160, March 20, 2009 ª2009 Elsevier Inc.a critical size were entrapped in the cytoskeletal ‘‘meshwork,’’
as shown by a precipitous drop in their diffusion rate (Luby-
Phelps et al., 1986). Using the same approach, Popov and
Poo (1992) did not observe any distinct size cutoff for dextran
diffusion in the embryonic Xenopus spinal neurons prior to
axon/dendrite differentiation (1 DIV), but found a gradual
size-dependent drop in the D value. Here we found that the
AIS filter of 5 DIV hippocampal neurons allows the passage
of GFP (27 kD) and 10 kD dextran, but not 70 kD dextran
and BSA (66 kD). By measuring D values in the aqueous solu-
tion, we estimated the equivalent hydrodynamic radius of the
10 and 70 kD dextrans to be 3.9 and 6.4 nm, respectively
(Table S1). Thus, the AIS filter in 5 DIV neurons has a ‘‘pore
size’’ less than 13 nm. Using neurons directly frozen, freeze
substituted, and critical-point dried, Benshalom and Reese
(1985) observed well-preserved filamentous meshwork and
Figure 6. ChimericKIF(5B-17)andKIF(17-5B)
Alter the Transport Rate and Axonal Entry of
VAMP2 and NR2B
(A and B) Examples of FRAP experiments (in the
presence of BPB) on transport rates of GFP-NR2B
and VAMP2-GFP in dendrites, with or without the
expression of RFP-tagged chimeric KIF(5B-17)
and KIF(17-5B), respectively, in 5 DIV neurons.
The scale bar represents 20 mm. The recovery
data at the proximal 10 mm spot (circles) of the
bleached segment of the dendrite are shown in
(B). Note opposite changes in the recovery rate
for GFP-NR2B and VAMP2-GFP in neurons
cotransfected with KIF(5B-17)-RFP and KIF(17-
5B)-RFP, respectively.
(C) Summary of the recovery rates for GFP-NR2B
and VAMP2-GFP in control and chimeric KIF-
expressing neurons. Error bars, SEM (n = 9–12
each; *p < 0.05, t test).
(D and E) The distribution of GFP-NR2B (D) and
VAMP2-GFP (E) was modified in 5 DIV neurons
expressing chimeric KIF proteins. Axonal entry of
GFP-NR2B was found in neurons coexpressing
KIF(5B-17)-RFP, and axonal exclusion of VAMP2-
GFP was found in neurons coexpressing KIF(17-
5B)-RFP. The scale bar represents 20 mm.
(F andG) Effects of chimeric KIF on the axonal entry
of GFP-NR2B (F) and VAMP2-GFP (G). The fluores-
cence intensity of GFP-NR2B and VAMP2-GFP
along the axon was normalized to that of the soma
for each neuron, in control and chimeric KIF-ex-
pressing neurons. Error bars, SEM (n = 10–14 each).
a cytoplasmic ground substance in the
Drosophila axoplasm, similar to the cyto-
plasmic meshwork observed in Swiss
3T3 fibroblasts (Provance et al., 1993).
The AIS filter may represent a high-
density meshwork, with a pore size of
%13 nm, preventing the diffusional
spread of 70 kD dextran into the axon.
Our pharmacological and molecular per-
turbation experiments showed that the
filtering action of this AIS meshwork
depends on the integrity of F-actin and
AnkG function. This meshwork must also
be flexible enough to allow the passage ofmotor-driven vesicular
carriers.
Electronmicroscopy showed thatmicrotubules in the AIS have
a high density and form fascicles, distinct from the homogeneous
distribution of microtubules in the dendrite (Palay et al., 1968).
Crosslinking factors between microtubules, neurofilaments,
and F-actin in the AIS of frog axons, as shown by quick-freeze
deep-etch studies (Hirokawa, 1982), may affect the integrity
and alignment of microtubules and contribute significantly to
the viscous drag on macromolecular diffusion and KIF-driven
transport. Although disruption of microtubules with nocodazole
or paclitaxel had no effect on macromolecular diffusion rate atCell 136, 1148–1160, March 20, 2009 ª2009 Elsevier Inc. 1157
the AIS, how specific organization of microtubules at the AIS
affects carrier transport remains to be further investigated.
Selective Transport ofMembrane Proteins via Exclusion
at the AIS
Our studies showed that vesicles carrying NR2B were excluded
from the axon of 5 DIV hippocampal neurons but allowed
into the axon after the disruption of actin filaments. Furthermore,
the appearance of NR2B on the axon surface correlated with the
presence of a cytoplasmic pool of NR2B both before the appear-
ance of theAIS filter (on 3DIV) andafter the disruptionof actin fila-
ments. These results strongly suggest that the absence of NR2B
in the axonal membrane is due to selective axonal exclusion of
NR2B carriers by the AIS filter, rather than selective membrane
insertion or retention of NR2B at the somatodendriticmembrane.
Thus, axonal exclusionby theAIS filter represents a formof selec-
tive transport of vesicular carriers. In contrast to NR2B, we found
Figure 7. PlasmaMembraneDiffusionBarrierEmerges
at the AIS of 5 DIV Neurons
(A) Left: image of an example of a 4 DIV neuron labeled with
quantum dots (QDs). The scale bar represents 20 mm. Right:
time-lapse images of a QD in the boxed region in (A). Arrow-
heads mark the QD. The scale bar represents 2 mm.
(B) Sample tracings of QD trajectories at the AIS and axon shaft
of 3, 4, and 5 DIV neurons, with or without LatA treatment or
AnkG-siRNA transfection. The scale bar represents 5 mm.
(C and D) Diffusion coefficients of QDs on the axon of 3, 4, and
5 DIV (control, LatA and AnkG-siRNA) neurons, based on the
onset location of the mapped trajectory. The summary in (D)
shows average lateral diffusion coefficient (D) values at the
AIS (first 60 mm of the axon) and axon shaft. Error bars, SEM
(*p < 0.05; **p < 0.01, ***p < 0.001, t test).
that VAMP2 carriers were transported to both the
axon and dendrites in an apparently nonselective
manner in 5 DIV neurons but became preferentially
expressed on the axon surface on 14 DIV (Sampo
et al., 2003). Whether the latter polarized surface
distribution results from selective transport of
VAMP2 carriers or selective retention of VAMP2 in
the axonal membrane remains to be elucidated.
Role of Transport Efficacy of the KIF-Cargo
Complex in Axonal Entry
Previous studies have shown that axonal vesicular
stomatitis virus G protein (VSV-G) carriers were
transported by KIF5 at a much higher rate than
Kv2.1 carriers, which are restricted in the somato-
dendritic region (Nakata and Hirokawa, 2003), sug-
gesting that transport efficacy may play a role in
axonal entry. This idea is further reinforced by our
finding that KIF-5-driven transport of axon-target-
ing VAMP2-GFP exhibited a much higher rate
than KIF-17-driven transport of somatodendritic-
targeting GFP-NR2B. Interestingly, the transport
rate (or motor efficacy) of cargo-free TL-KIF-5B is
higher than that of TL-KIF17, and both could enter
the axon. Thus, the failure of axonal entry of
KIF17-NR2B may be caused by a reduced transport efficacy of
cargo-loaded KIF17 that failed to overcome the AIS filter. Results
on chimera KIF proteins indeed showed that KIF17-cargo was
transported with a much lower efficacy than KIF5B-cargo and
failed to enter the axon, regardless of whether the cargo was
VAMP2 or NR2B carriers. Finally, we showed that the transport
efficacy of the KIF5-cargo is greatly reduced when KIF5B is
loaded with GluR2 carriers, consistent with the failure of
KIF5B-GluR2 in entering the axon. Taken together, these results
support the notion that the critical factor that determines the
axonal entry is the transport efficacy of the motor-cargo
complex, rather than that of the motor itself. The AIS filter
appears to act as a ‘‘physical’’ filter to impose a viscous drag
on the diffusional and active transport of cellular components.
Besides the physical action of the AIS filter, there is strong
evidence that the kinesin motor domain, which is responsible
for microtubule binding, may distinguish microtubules in the1158 Cell 136, 1148–1160, March 20, 2009 ª2009 Elsevier Inc.
axon from those in the dendrite (Burack et al., 2000; Guillaud
et al., 2003; Nakata and Hirokawa, 2003). The binding of cargo
to the motor may also change the confirmation of the motor
and affect the recognition of microtubules and the direction
of transport (Setou et al., 2002; Hirokawa and Takemura,
2005). Our results do not exclude the above possibilities, and
further suggest that cargo-dependent conformational change
of the motor and specific interactions of the motor or motor-
cargo complex with the AIS cytoskeleton and associated
factors may also modify the transport efficacy of motor-cargo
complexes that in turn determines the ability to pass through
the AIS.
Coordinated Action of the Membrane Barrier
and Cytoplasmic Filter
Several lines of evidence suggest that the cytoplasmic filter at the
AIS is coupled directly to the plasmamembrane diffusion barrier.
Both structures are located at the first 50–60 mm of the axon,
appear with a similar time course (between 3 and 5 DIV), and
are abolished by disrupting F-actin or downregulating AnkG
expression. The coordinated establishment of the AIS plasma
membrane barrier and cytoplasmic filter suggests the following
sequence of events in the development of axonal and somato-
dendritic compartments. During the first day after axon/dendrite
polarization, newly synthesized membrane proteins and lipids
undergo nonselective transport and membrane insertion at the
axon and dendrites. As the neuron further matures, the assembly
of a cytoplasmic F-actin-based filter and aggregation of plasma
membrane proteins begin to appear at the AIS, with AnkG
providing the stabilizing linkage between the F-actin and
membrane protein aggregate. This linkage function of AnkG
also provides the mechanism for AnkG clustering at the AIS.
The formation of the cytoplasmic filter then allows selective
passage of only vesicular carriers of membrane components
that are destined for the axon, whereas concurrent establish-
ment of the membrane barrier helps to prevent the mixing of
membrane components after their insertion into the axonal
versus somatodendritic membrane. The sequence of events is
exemplified by the NR2B distribution—uniformly distributed in
the cytoplasm and on the surface of the entire neuron prior to
the formation of the AIS filter (Figures 3Ba and S5Aa) and coordi-
nated disappearance of both the surface and cytoplasmic NR2B
from the axon (Figures 3Bb and S5Ab) soon after the emergence
of the AIS filter (at 4–5 DIV; see Figures S5B and S5C).
Finally, we note that the cytoplasmic filter mechanism
reported here is likely to represent one of many parallel
processes that are required for the establishment of polarized
distribution of cellular components. In a broader sense, the AIS
filtering process may consist of not only the physical sorting by
the size of diffusing macromolecules or by the efficacy of
motor-driven carrier transport but also by chemical sorting
through specific molecular recognition of the cellular compo-
nents by the AIS filter, as exemplified by AnkG’s recognition of
Kv3.1 channels (Xu et al., 2007). Complete understanding of
the filtering mechanisms at the AIS thus requires further elucida-
tion of both the ultrastructural organization and molecular inter-
actions at the AIS.EXPERIMENTAL PROCEDURES
Cell Cultures, Transfection, and Microinjection
Dissociated hippocampal neurons were prepared from embryonic E18 rats as
previously described (Dotti et al., 1988) and cultured in neurobasal medium
(Invitrogen) supplemented with B-27 (Invitrogen). HEK293T cells were cultured
in FBS-supplemented minimum essential medium (GIBCO) and transfected by
using Lipofectamine 2000.
Fluorescent dextrans were loaded into neurons through a whole-cell patch-
recording pipette, using an Axopatch-200B amplifier (Axon Instruments). Solu-
tions were centrifuged (at 10,000 3 g for 10 min) before loading to remove
dextran aggregates. The sources and preparations of cDNA constructs are
provided in the Supplemental Data.
Fluorescence Staining, Quenching, and Imaging
Cell-surface GFP-NR2B and VAMP2-GFP were immunostained with poly-
clonal antibody against GFP (1:400; Chemicon) followed by Cy3-conjugated
secondary antibody (1:400). For F-actin staining, Alexa Fluor 546 phalloidin
(1:100; Molecular Probes) was applied after glutaraldehyde fixation and Triton
permeabilization in PBS. For quenching extracellularly exposed GFP fluores-
cence of GFP-NR2B and VAMP2-GFP, themembrane-impermeable quencher
bromophenol blue (BPB) was dissolved in extracellular solution and filtered
through 0.2 mm filters (pH adjusted to 7.4), and used at 500 mM. Imaging was
performed with a confocal microscope (Olympus Fluoview 500 IX71). The
gain of the photomultiplier was adjusted to maximize the signal/noise ratio
without causing saturation by the strongest signal. A single level of focus was
maintained throughout each recording. Images were collected from relatively
isolated cells at every 15 s, and intensity profileswere acquiredbydrawing lines
along the neurite process and measured with the Fluoview software, with ten-
frame averaging, background subtraction, and exclusion of fasciculated
segments of neurites, regions with crossings, and fine terminal branches. Fluo-
rescence intensities were corrected for the cytoplasmic volume by normaliza-
tion with GFP or DsRed expressed in the neuron. For time-lapsed imaging of
packet movements, images were acquired every 5 s and the speed was deter-
mined bymeasuring the distancemoved between successive frames (5 s). The
run length is the distance moved before it stops or changes the direction of
movement. Duty ratio is the fraction of the time spent in the mobile state.
Fluorescence Recovery after Photobleaching
FRAP experiments were performed on a Zeiss LSM 510 confocal microscope
under a 403 oil-immersion objective. The neurons were maintained in HEPES-
based artificial cerebrospinal fluid at 35C. Bleaching (>80%) was performed
by applying a 488 nm laser (50% of full power; 30 mW) for 6.4 ms per pixel
with 30–50 iterations. Fluorescence recovery was monitored every 4 s and the
average intensity of a 453 5 pixel (0.22 mm/pixel) region on theproximal or distal
end of the bleached segment was calculated, background subtracted, and
normalized by the average baseline intensity. The recovery rate constant was
determinedbyfitting thedataduring thefirst 80safterbleachingwithafirst-order
exponential function. Statistical significance was assessed with an ANOVA test
followed by a t test. A paired t test was used for data from the same set of cells.
Quantum Dot Labeling and Analysis
Neurons transfected with VAMP2-GFP (or VAMP2-myc) were treated with
monoclonal anti-GFP (or anti-myc) antibody (Santa Cruz Biotechnology) for
10 min, followed by 5 min treatment with 0.5 nM quantum dots coated with
655 F(ab0)2 goat anti-mouse IgG conjugate (Invitrogen) as previously
described (Bats et al., 2007). Blinking QDs on the neuronal surface were
imaged, and their movement was analyzed by tracking software (Imaging
Pro Plus) for the diffusion coefficient D, based on the linear fit of the data
with the formula x2 = 2Dt, where x is the distance of the QD from the origin
at time t, projected along the axon axis.
SUPPLEMENTAL DATA
Supplemental Data include Supplemental Experimental Procedures, eight
figures, and one table and can be found with this article online at http://
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ACKNOWLEDGMENTS
We thank J.G. Chen, V. Bennett, C. Gu, and D.B. Arnold for providing cDNA
clones and J.Y. Shen for technical assistance with siRNA constructs. This
work was supported by grants from the Major State Basic Research Program
of China (2006CB806600) and the National Natural Science Foundation of
China (30730037).
Received: July 28, 2008
Revised: November 15, 2008
Accepted: January 5, 2009
Published online: March 5, 2009
REFERENCES
Ahmari, S.E., Buchanan, J., and Smith, S.J. (2000). Assembly of presynaptic
active zones from cytoplasmic transport packets. Nat. Neurosci. 3, 445–451.
Bats, C., Groc, L., and Choquet, D. (2007). The interaction between Stargazin
and PSD-95 regulates AMPA receptor surface trafficking. Neuron 53, 719–734.
Bennett, V., and Chen, L. (2001). Ankyrins and cellular targeting of diverse
membrane proteins to physiological sites. Curr. Opin. Cell Biol. 13, 61–67.
Benshalom, G., and Reese, T.S. (1985). Ultrastructural observations on the
cytoarchitecture of axons processed by rapid-freezing and freeze-substitu-
tion. J. Neurocytol. 14, 943–960.
Boiko, T., Vakulenko, M., Ewers, H., Yap, C.C., Norden, C., and Winckler, B.
(2007). Ankyrin-dependent and -independent mechanisms orchestrate axonal
compartmentalization of L1 family members neurofascin and L1/neuron-glia
cell adhesion molecule. J. Neurosci. 27, 590–603.
Brown, M.D., Banker, G.A., Hussaini, I.M., Gonias, S.L., and VandenBerg, S.R.
(1997). Low density lipoprotein receptor-related protein is expressed early and
becomes restricted to a somatodendritic domain during neuronal differentia-
tion in culture. Brain Res. 747, 313–317.
Burack, M.A., Silverman, M.A., and Banker, G. (2000). The role of selective
transport in neuronal protein sorting. Neuron 26, 465–472.
Chu, P.J., Rivera, J.F., and Arnold, D.B. (2006). A role for Kif17 in transport of
Kv4.2. J. Biol. Chem. 281, 365–373.
Craig, A.M., and Banker, G. (1994). Neuronal polarity. Annu. Rev. Neurosci. 17,
267–310.
Craig, A.M., Blackstone, C.D., Huganir, R.L., and Banker, G. (1993). The distri-
bution of glutamate receptors in cultured rat hippocampal neurons: postsyn-
aptic clustering of AMPA-selective subunits. Neuron 10, 1055–1068.
Dotti, C.G., Sullivan, C.A., and Banker, G.A. (1988). The establishment of
polarity by hippocampal neurons in culture. J. Neurosci. 8, 1454–1468.
Guillaud, L., Setou, M., and Hirokawa, N. (2003). KIF17 dynamics and regula-
tion of NR2B trafficking in hippocampal neurons. J. Neurosci. 23, 131–140.
Harata, N.C., Aravanis, A.M., and Tsien, R.W. (2006). Kiss-and-run and full-
collapse fusion as modes of exo-endocytosis in neurosecretion. J. Neuro-
chem. 97, 1546–1570.
He´mar, A., Olivo, J.C., Williamson, E., Saffrich, R., and Dotti, C.G. (1997). Den-
droaxonal transcytosis of transferrin in cultured hippocampal and sympathetic
neurons. J. Neurosci. 17, 9026–9034.
Hirokawa, N. (1982). Cross-linker system between neurofilaments, microtu-
bules, andmembranous organelles in frog axons revealed by the quick-freeze,
deep-etching method. J. Cell Biol. 94, 129–142.
Hirokawa, N., and Takemura, R. (2005). Molecular motors and mechanisms of
directional transport in neurons. Nat. Rev. Neurosci. 6, 201–214.
Horton, A.C., and Ehlers, M.D. (2003). Neuronal polarity and trafficking. Neuron
40, 277–295.
Jenkins, S.M., and Bennett, V. (2001). Ankyrin-G coordinates assembly of the
spectrin-based membrane skeleton, voltage-gated sodium channels, and L1
CAMs at Purkinje neuron initial segments. J. Cell Biol. 155, 739–746.1160 Cell 136, 1148–1160, March 20, 2009 ª2009 Elsevier Inc.Kamal, A., Stokin, G.B., Yang, Z., Xia, C.H., and Goldstein, L.S. (2000). Axonal
transport of amyloid precursor protein is mediated by direct binding to the
kinesin light chain subunit of kinesin-I. Neuron 28, 449–459.
Killisch, I., Dotti, C.G., Laurie, D.J., Luddens, H., and Seeburg, P.H. (1991).
Expression patterns of GABAA receptor subtypes in developing hippocampal
neurons. Neuron 7, 927–936.
Kizhatil, K., Davis, J.Q., Davis, L., Hoffman, J., Hogan, B.L., and Bennett, V.
(2007). Ankyrin-G is a molecular partner of E-cadherin in epithelial cells and
early embryos. J. Biol. Chem. 282, 26552–26561.
Luby-Phelps, K., Taylor, D.L., and Lanni, F. (1986). Probing the structure of
cytoplasm. J. Cell Biol. 102, 2015–2022.
Nakada, C., Ritchie, K., Oba, Y., Nakamura, M., Hotta, Y., Iino, R., Kasai, R.S.,
Yamaguchi, K., Fujiwara, T., and Kusumi, A. (2003). Accumulation of anchored
proteins forms membrane diffusion barriers during neuronal polarization. Nat.
Cell Biol. 5, 626–632.
Nakata, T., and Hirokawa, N. (2003). Microtubules provide directional cues for
polarized axonal transport through interaction with kinesin motor head. J. Cell
Biol. 162, 1045–1055.
Nishimura, K., Akiyama, H., Komada, M., and Kamiguchi, H. (2007). bIV-spec-
trin forms a diffusion barrier against L1CAM at the axon initial segment. Mol.
Cell. Neurosci. 34, 422–430.
Palay, S.L., Sotelo, C., Peters, A., and Orkand, P.M. (1968). The axon hillock
and the initial segment. J. Cell Biol. 38, 193–201.
Pan, Z., Kao, T., Horvath, Z., Lemos, J., Sul, J.Y., Cranstoun, S.D., Bennett, V.,
Scherer, S.S., and Cooper, E.C. (2006). A common ankyrin-G-based mecha-
nism retains KCNQ and NaV channels at electrically active domains of the
axon. J. Neurosci. 26, 2599–2613.
Poo, M. (1982). Rapid lateral diffusion of functional acetylcholine receptors in
embryonic muscle membrane. Nature 295, 332–334.
Poo, M., and Cone, R.A. (1974). Lateral diffusion of rhodopsin in the photore-
ceptor membrane. Nature 247, 438–441.
Popov, S., and Poo, M.M. (1992). Diffusional transport of macromolecules in
developing nerve processes. J. Neurosci. 12, 77–85.
Provance, D.W., Jr., McDowall, A., Marko, M., and Luby-Phelps, K. (1993).
Cytoarchitecture of size-excluding compartments in living cells. J. Cell Sci.
106, 565–577.
Sampo, B., Kaech, S., Kunz, S., and Banker, G. (2003). Two distinct mecha-
nisms target membrane proteins to the axonal surface. Neuron 37, 611–624.
Setou, M., Nakagawa, T., Seog, D.H., and Hirokawa, N. (2000). Kinesin super-
family motor protein KIF17 and mLin-10 in NMDA receptor-containing vesicle
transport. Science 288, 1796–1802.
Setou, M., Seog, D.H., Tanaka, Y., Kanai, Y., Takei, Y., Kawagishi, M., and Hir-
okawa, N. (2002). Glutamate-receptor-interacting protein GRIP1 directly
steers kinesin to dendrites. Nature 417, 83–87.
Stowell, J.N., and Craig, A.M. (1999). Axon/dendrite targeting of metabotropic
glutamate receptors by their cytoplasmic carboxy-terminal domains. Neuron
22, 525–536.
Triller, A., and Choquet, D. (2008). New concepts in synaptic biology derived
from single-molecule imaging. Neuron 59, 359–374.
Winckler, B., Forscher, P., and Mellman, I. (1999). A diffusion barrier maintains
distribution of membrane proteins in polarized neurons. Nature 397, 698–701.
Wisco, D., Anderson, E.D., Chang, M.C., Norden, C., Boiko, T., Folsch, H., and
Winckler, B. (2003). Uncovering multiple axonal targeting pathways in hippo-
campal neurons. J. Cell Biol. 162, 1317–1328.
Xu, M., Cao, R., Xiao, R., Zhu, M.X., and Gu, C. (2007). The axon-dendrite tar-
geting of Kv3 (Shaw) channels is determined by a targeting motif that associ-
ates with the T1 domain and ankyrin G. J. Neurosci. 27, 14158–14170.
Yap, C.C., Wisco, D., Kujala, P., Lasiecka, Z.M., Cannon, J.T., Chang, M.C.,
Hirling, H., Klumperman, J., and Winckler, B. (2008). The somatodendritic en-
dosomal regulator NEEP21 facilitates axonal targeting of L1/NgCAM. J. Cell
Biol. 180, 827–842.
